The amino-terminal regulatory domain of cardiac troponin C (cNTnC) plays an important role as the calcium sensor for the troponin complex. Calcium binding to cNTnC results in conformational changes that trigger a cascade of events that lead to cardiac muscle contraction. The cardiac N-terminal domain of TnC consists of two EF-hand calcium binding motifs, one of which is dysfunctional in binding calcium. Nevertheless, the defunct EF-hand still maintains a role in cNTnC function. For its structural analysis by X-ray crystallography, human cNTnC with the wild-type primary sequence was crystallized under a novel crystallization condition. The crystal structure was solved by the single-wavelength anomalous dispersion method and refined to 2.2 Å resolution. The structure displays several novel features. Firstly, both EF-hand motifs coordinate cadmium ions derived from the crystallization milieu. Secondly, the ion coordination in the defunct EF-hand motif accompanies unusual changes in the protein conformation. Thirdly, deoxycholic acid, also derived from the crystallization milieu, is bound in the central hydrophobic cavity. This is reminiscent of the interactions observed for cardiac calcium sensitizer drugs that bind to the same core region and maintain the "open" conformational state of calcium-bound cNTnC. The cadmium ion coordination in the defunct EF-hand indicates that this vestigial calcium binding site retains the structural and functional elements that allow it to coordinate a cadmium ion. However, it is a result of, or concomitant with, large and unusual structural changes in cNTnC.
The amino-terminal regulatory domain of cardiac troponin C (cNTnC) plays an important role as the calcium sensor for the troponin complex. Calcium binding to cNTnC results in conformational changes that trigger a cascade of events that lead to cardiac muscle contraction. The cardiac N-terminal domain of TnC consists of two EF-hand calcium binding motifs, one of which is dysfunctional in binding calcium. Nevertheless, the defunct EF-hand still maintains a role in cNTnC function. For its structural analysis by X-ray crystallography, human cNTnC with the wild-type primary sequence was crystallized under a novel crystallization condition. The crystal structure was solved by the single-wavelength anomalous dispersion method and refined to 2.2 Å resolution. The structure displays several novel features. Firstly, both EF-hand motifs coordinate cadmium ions derived from the crystallization milieu. Secondly, the ion coordination in the defunct EF-hand motif accompanies unusual changes in the protein conformation. Thirdly, deoxycholic acid, also derived from the crystallization milieu, is bound in the central hydrophobic cavity. This is reminiscent of the interactions observed for cardiac calcium sensitizer drugs that bind to the same core region and maintain the "open" conformational state of calcium-bound cNTnC. The cadmium ion coordination in the defunct EF-hand indicates that this vestigial calcium binding site retains the structural and functional elements that allow it to coordinate a cadmium ion. However, it is a result of, or concomitant with, large and unusual structural changes in cNTnC.
Introduction
Troponin C (TnC) is a regulatory Ca 2+ binding subunit in the troponin complex that mediates muscle contraction. The troponin complex, which consists of TnC, TnI, and TnT subunits, is located periodically on the thin filaments composed of tropomyosin and actin monomers. 1 During muscle contraction, Ca 2+ binding to the N-terminal domain of TnC (NTnC) initiates a conformational change that exposes its central hydrophobic cavity. A change in the binding interactions by the inhibitory subunit TnI, from the actin monomers to the TnC hydrophobic core, triggers an overall conformational change within the troponin complex. The final outcome is the cross-bridge cycle that results in muscle contraction. 2 NTnC therefore plays the crucial role of a cytosolic Ca 2+ sensor in skeletal and cardiac muscle function.
NTnC consists of two EF-hand motifs [EF-hand motif 1 (EF 1) and EF-hand motif 2 (EF 2)], which are commonly present in Ca 2+ binding proteins (Fig. 1a) . The classical EF-hand motif consists of two α-helices oriented approximately perpendicularly to one another and linked by a loop that is normally 12 residues long. 3 The residues at loop positions 1, 3, 5, 7, and 12 are normally involved in the ion coordination 4 ( Fig.  1 ). Canonically, a Ca 2+ is coordinated by seven oxygen atoms in pentagonal bipyramidal geometry. The five equatorial plane ligands from single carbonyl groups at Y, Z, and −Y and a bidentate ligand from a glutamate side-chain carboxylate at the −Z positions are complemented by two single axial ligands at the X and −X positions.
Two muscle-specific TnC proteins are expressed in vertebrate muscles. Skeletal troponin C (sTnC) in fast skeletal muscle and cardiac troponin C (cTnC) in cardiac and slow skeletal muscle differ mostly in the primary sequence and Ca 2+ binding property of the EF 1 ion binding loop of NTnC (Fig. 1b) . In the mammalian amino-terminal domain of cTnC (cNTnC), the loop sequence deviates from the canonical sequence by insertion of Val28, resulting in the extension of the loop to 13 residues and substitutions of the two normally chelating aspartate residues by the nonpolar Leu29 and Ala31 residues. 5 This results in loss of Ca 2+ binding function by the loop. 6, 7 The functional EF 2 with canonical loop sequence and a relatively low Ca 2+ binding affinity (∼ 10 5 M − 1 ) 8 is then proposed to act alone as the cytosolic Ca 2+ sensor for the cardiac troponin complex. 6 Nevertheless, nuclear magnetic resonance (NMR) studies indicate that there is a structural and dynamic coupling between the two EF-hands that may play a functional role. 9 Other evidence also suggests that EF 1 has a role in the function of cNTnC. For example, ectothermic species of vertebrates adapted to colder climates have a significantly different sequence in the N-terminal portion of the EF 1 loop (Fig. 1b) . In trout, the substituted residues Ile28, Gln29, and Asp30 appear to be responsible for increasing Ca 2+ affinity which enables trout cardiac function at significantly lower temperatures. 10 Interestingly, these substitutions are not observed in certain semitropical ectotherms (e.g., Anolis carolinensis or green anole-accession number GI 327265790) that thrive at 25-30°C and exhibit complete identity with human cTnC over the first 60 amino acids. Clearly, these substitutions are related to functionality at a given temperature as was postulated. 10, 11 Intriguingly, one of the characteristic substitutions found in the trout and other teleosts (L29Q) has been observed as a mutation in a patient diagnosed with an inherited cardiac muscle disorder known as familial hypertrophic cardiomyopathy. 12 Derived from ongoing structural studies, 12 cNTnC structures solved by NMR spectroscopy and 5 by X-ray crystallography are currently The five α-helices assemble into two helix-loop-helix motifs (EFhand motifs). EF-hand 1 is composed of helices αA and αB and loop 1 (red); EF-hand 2 is composed of αC and αD and loop 2 (red). (b) A sequence alignment of ion binding loop 1 (boxed) and surrounding residues in the first EF-hand motif of NTnC. The cardiac NTnC sequences shown are those from human (Swiss-Prot accession number: P63316), chicken (P09860), and trout cNTnC (Q7ZZB9). The skeletal NTnC sequences are those of human (P02585), chicken (P02588), and Atlantic salmon (B9EP57). The residues conserved throughout are colored red for cTnC and blue for sTnC. The skeletal NTnC loop 1 residues that coordinate Ca 2+ are indicated by stars.
available in the Protein Data Bank (PDB) (Supplementary Table 1 ). Most of these structures represent the cNTnC domain (residues 1-89) in a Ca 2+ -saturated form with Ca 2+ coordination shown only by EF 2, while no ion coordination is observed in the dysfunctional binding site of EF 1. However, all crystal structures of cNTnC are that of a mutant version with two substitution mutations (C35S and C84S) introduced to prevent potential intermolecular and intramolecular disulfide bond formation. 13 Although the mutant cTnC was shown to have the same functional properties as the wild type in vitro, 13, 14 Cys35 is a part of the EF 1 loop and highly conserved phylogenetically in cNTnC (Fig. 1b) . 11 To address the lack of crystallographically determined structures of the wild-type cNTnC domain, we have over-expressed, purified, and successfully crystallized the human cNTnC domain with the wild-type primary sequence. This was achieved under a novel crystallization condition that contained cadmium sulfate and deoxycholic acid (DXC). The crystal structure was then solved using single-wavelength anomalous dispersion (SAD) methods and refined to 2.2 Å resolution. Surprisingly, the structure revealed cNTnC in a highly unique conformation, which permits both EF-hand motifs to coordinate cadmium (Cd 2+ ) ions in a canonical bipyramidal pentagonal geometry. This unique conformation is also stabilized in part by DXC bound to the central hydrophobic core cavity. Analysis of the novel ion coordination state by EF 1 demonstrates that the vestigial loop retains structural and functional elements that enable cadmium ion binding. These elements are reminiscent of the versatile noncanonical EF-hand motifs; 15, 16 however, this coordination is achieved as a result of or concomitant with large and unusual structural changes in cNTnC.
Results and Discussion
Structure solution: Dealing with radiation damage and pseudosymmetry
The novel crystals of human cNTnC (residues 1-89) with wild-type primary sequence diffracted to 2.2 Å resolution. However, finding a structure solution via anomalous diffraction techniques or molecular replacement methods presented serious challenges due to the presence of translational pseudosymmetry and the heavy dose of X-ray radiation absorbed in the crystal during data collection. The physical deterioration of the crystal during exposure to the X-ray beam caused not only a gradual decay of diffraction intensities and structure factor amplitudes but also structural rearrangements in the crystal lattice, hindering phasing procedures and subsequent refinements. 17, 18 The presence of 50 mM Cd 2+ in the crystallization solution contributed to an increased X-ray absorption without improving the scattering power of the crystal, resulting in an increased rate of radiation damage and additional diffused background. Moreover, the presence of ordered cadmium ions increased the number of heavy-atom sites that needed to be identified by direct methods. The number of selenomethionine (SeMet) and cadmium positions was relatively high due to the presence of four molecules in the asymmetric unit (ASU). Without pseudotranslational symmetry, these problems could still be solved without much trouble. However, the crystallographic direct methods in their design assume random positions of heavy atoms and are severely handicapped by the presence of pseudotranslational symmetry, which generates a highly nonrandom pattern of inter-atom distances. The combination of radiation-induced changes, high number of heavy-atom scatterers to be found, and translational pseudosymmetry (native Patterson peak height of 47.8% of origin at 0.5, 0.5, 0.5) resulted in a borderline solvable phasing problem. The Se-Met crystal structure was solved by the SAD method from a data set collected at the selenium peak wavelength (Se-Met data 1). The structure was then refined to 2.2 Å resolution using the second anomalous data set that did not initially yield a SAD solution (Se-Met data 2). Merging statistics for Se-Met data set 1 used for experimental phasing and Se-Met data set 2 used for final refinement are shown in Table 1 .
The protein crystal has unit cell dimensions of 51.9 Å × 81.9 Å × 100.5 Å and belongs to the orthorhombic space group P2 1 2 1 2. The ASU contains four protein chains with 53.5% solvent content and has a Matthews coefficient of 2.7 Å 3 Da − 1 . The four chains are denoted as chain A (Asp3-Met85), chain B (Tyr5-Val82), chain C (Asp3-Met85), and chain D (Tyr5-Val82). Missing residues at the Nand C-termini could not be modeled due to a lack of clear electron density. Chains A and B form a dimer with a 2-fold non-crystallographic symmetry and are related to another dimer consisting of chains C and D by a translation with a (0.5, 0.5, 0.5) vector exhibiting a translational pseudosymmetry. A total of 21 cadmium ions, 3 calcium ions, and 5 DXC molecules were modeled with the protein chains. The final refined structure has an R-factor of 22.5% and an R free of 28.1%. The average B-factor of the structure is 41.3 Å 2 ( Table 1 ).
An unusual cNTnC conformation stabilized by cadmium binding
The overall conformation of cNTnC revealed in the crystal structure is a pair of EF-hand motifs connected by a linker sequence (Fig. 2a) . The first EF-hand motif (EF 1), which follows a short α-helix N (residues 4-10), consists of α-helix A (residues 14-31), ion binding loop 1, and α-helix B (residues 38-47). The second EF-hand motif (EF 2) consists of α-helix C (residues 54-64), ion binding loop 2, and α-helix D (residues 74-84). The two EF-hand motifs are connected by a linker that spans residues 48-53. All four protein chains in the ASU have similar conformations. The backbone superimposition of the four chains results in a root-mean-square deviation (r.m.s.d.) of 0.73 Å. The major discrepancies between the chains occur at the terminal helices and the linker region that connects helix B and helix C.
In comparison to a previously solved crystal structure of human cNTnC in a Ca 2+ -saturated form (PDB ID: 1WRK), the structure presented here adopts a very different conformation with dramatic changes at helix A ( Fig. 2b and c) . Similar changes are also observed in comparison with various NMR structures ( Supplementary Fig. 1 ). Firstly, residues Val28-Ala31, normally part of a disordered and dysfunctional loop, adopt an α-helical conformation, resulting in an extension of helix A at its C-terminal end (Fig. 2d) . Secondly, unlike the classical EF-hand motif in which the two helices are oriented almost perpendicularly, helix A is oriented antiparallel with helix B (Fig. 2c ). This conformation is stabilized in part by van der Waals interactions between the helices. This also obliterates the 2-fold rotational symmetry between the pair of EF-hand motifs, which is a common feature in NTnC structures. Finally, loop 1 in EF 1, previously considered to be dysfunctional, is coordinating a Cd 2+ . The electron densities that clearly indicated metal ions being coordinated by both EF 1 and EF 2 were fitted with Cd 2+ for the following reasons. First, cadmium ions were identified on the anomalous difference map. There were three potential anomalous scatterers in the crystal: selenium from Se-Met, calcium from the protein purification solution, and cadmium from the crystallization condition. Se-Met positions were clearly defined by Se-Met residues. There were 21 other peaks outside of the anomalous peaks describing Se-Met positions. At the data collection wavelength, the cadmium anomalous signal is 3.4 times larger than the signal arising from calcium. The observed signal was thus only consistent with cadmium as it was too strong to originate from calcium ions. Second, Cd 2+ has an ionic radius of 0.97 Å, which is very close to that of Ca 2+ (0.99 Å) and can be coordinated by TnC without causing much perturbation in its overall conformation. 19, 20 Third, in the binding loop of EF 1, one of the coordinating ligands is sulfur from Cys35. Other examples of Cd 2+ coordination frequently involve a cysteine residue. 21 Finally, the refinement statistics agree with cadmium ions being present at these sites (Table 1) .
Cadmium ions are also found outside the ion binding loops. An extra Cd 2+ is present in close proximity of every Cd 2+ coordinating loop, with residues from the loop contributing to its interaction. Cadmium ions are also found between protein chain interfaces and they contribute to the interchain crystal packing contacts. For a Se-Met data 1 was used to obtain initial phase estimates, and Se-Met data 2 was used for structure refinement.
b The data collection statistics in brackets are the values for the highest-resolution shell.
, where I i (hkl) is the intensity of an individual reflection and 〈I(hkl)〉 is the mean intensity of that reflection.
where F o and F c are the observed and calculated structure factor amplitudes, respectively. e R free is calculated using 5% of the reflections randomly excluded from refinement.
example, one Cd 2+ is coordinated by both Cys35 of chain A and the carboxylate side chains of Glu15 and Glu19 from its symmetry-related counterpart, while another Cd 2+ is coordinated by Glu32 of chain B and Glu15 of chain C. A total of 21 cadmium ions are found near the binding loops and the protein chain interfaces. Their complex coordination networks stabilize the unusual conformation of cNTnC and maintain the critical protein contacts within the protein crystal.
Cadmium coordination by EF 1 and EF 2
All four cNTnC protein chains in the ASU coordinate a Cd 2+ in the binding loop of EF 1. In three chains (chains A, B, and D), Cd 2+ coordination adopts the canonical seven-ligand pentagonal bipyramidal geometry (Fig. 3a) . The remaining chain C coordinates Cd 2+ in a six-ligand octahedral geometry for reasons discussed below. Only four residues, Gly30, Asp33, Cys35, and Glu40, supply the coordinating ligands. The five equatorial plane ligands are Asp33 O δ1 (Y) and O δ2 (Z), Cys35 O (− Y), and Glu40 O ɛ1 and O ɛ2 (− Z). These are complemented by two axial ligands, Gly30 O (X) and Cys35 S (−X) ( Table 2) .
The Cd 2+ coordination state in the ion binding loop of EF 2 is identical in all four cNTnC molecules of the ASU. It adopts the canonical seven-ligand pentagonal bipyramidal coordination with ligands from five conserved residues: Asp65 (X), Asp67 (Y), Ser69 (Z), Thr71 (− Y), and Glu76 (− Z) and one water molecule (− X) (Fig. 3b) . The coordinating ligands are listed in Comparison of the loop sequences (Fig. 3c) shows that the absence of two chelating glutamate residues in the N-terminal part of loop 1 does not permit ion coordination in the same canonical conformation as in loop 2. Instead, loop 1 has compensated for the difference in adopting a novel backbone fold and coordination characteristics to fulfill the canonical geometry.
The first novel characteristic is that the carboxylate group of Asp33 is in a planar orientation to the equatorial plane of the Cd 2+ and ligand interactions. Canonically, an aspartate residue in the equivalent position contributes only one oxygen atom from its carboxylate group and occupies a single Z position. However, in the structure presented here, the Asp33 bidentate ligand occupies both Y and Z coordination positions in chains A, B, and D. In chain C, Asp33 does not occupy both positions, and because of this, the Cd 2+ coordination fails to adopt the canonical geometry. We are not aware of any other examples of one aspartate residue providing bidentate ligands for both Y and Z positions.
A second unique characteristic is the ion coordination shown by Cys35. Normally, the equivalent residue supplies the backbone carbonyl atom for only the − Y ligand position. In the structure presented here, as well as the backbone carbonyl, the sulfur side-chain atom of Cys35 is involved in ion coordination at the − X ligand position, which is normally occupied by a water molecule. We could not find another example of an EF-hand motif that utilizes cysteine as one of the coordinating ligands. The extra coordination may be due to the nature of the bound ion. Chemically, Cd 2+ is a soft metal ion and would preferentially coordinate soft atoms such as sulfur. 24 However, Ca 2+ , which is a hard metal ion, would not normally prefer sulfur as a ligand. The final and the most striking characteristic is the coordination by the Gly30 carbonyl oxygen at position X. The N-terminal residues of ion binding loop 1, including Val28, Leu29, and Gly30, are involved in unique conformational changes. From the "disordered loop" conformation in the absence of ion binding, they adopt a helical conformation and become the C-terminal part of an extended helix A. These conformational changes, as well as a dramatic shift in the orientation of helix A, results in the positioning of Gly30 O into a proximity and orientation to the bound Cd 2+ for direct coordination.
Comparison of cNTnC EF 1 with noncanonical EF-hands
Calcium binding EF-hand proteins show significant diversity in the loop length and sequence composition of the calcium binding loop. 15, 16 Large differences are accommodated by adjustments within the backbone conformation such that the canonical coordination geometry is not changed. This frequently involves employing backbone carbonyl oxygens as the coordinating ligands. Like the cNTnC loop 1, the EF1 Ca 2+ binding loop sequence of Arabidopsis thaliana calcineurin-B-like protein (AtCBL2) (PDB ID: 1UHN) 25 is markedly different from that of the classical EF-hand loop. The Nterminal part of the loop is extended by two residues and it lacks the highly conserved aspartate residues at X and Y positions. 25 It can nevertheless coordinate a Ca 2+ in canonical pentagonal bipyramidal geometry. A unique main-chain conformation allows two main-chain backbone carbonyl oxygens to replace the canonical side-chain carboxylate oxygens for the X and Y ligand positions. Similar to the structure presented here, the main-chain carbonyl oxygen at the X position comes from a residue in the entering helix.
The canonical and noncanonical Ca 2+ binding loops nevertheless share a highly conserved Cterminus. 15 Compared to the more dynamic Nterminal region, the C-terminal region is highly stabilized by the turn of the exiting helix and a hydrogen bond to the other ion binding loop of the paired EF-hand motif. 9 This highly conserved sequence and structural features exist in the Cd 2+ coordinating loop 1 of the structure presented here. First, the ligand at the − Y position is the main-chain carbonyl oxygen (Cys35). This residue is then followed by a hydrophobic residue (Ile36), which is involved in β-sheet hydrogen bonding interaction with an equivalent residue (Val72) in the opposite loop (known as the "EF β-scaffold"). 15 The ligand at the − Z position is a bidentate interaction from a glutamate residue sidechain carboxylate (Glu40), and there is a four-residue spacing between the − Y and − Z ligands. The structural alignment of the backbone atoms of these conserved C-terminal residues in the loops of EF 1 (Asp33-Glu40) and EF 2 (Ser69-Glu76) results in an r.m.s.d. of 1.2 Å.
The Cd 2+ coordination by loop 1 lacks the extensive loop-stabilizing hydrogen bond interactions of the Ca 2+ coordinating EF-hand motifs between the residues that comprise the loop. EF 1 contains relatively few residues participating in Cd 2+ coordination, and the absence of chelating aspartate residues results in less extensive hydrogen bonding interactions as compared with EF 2. Moreover, the overall conformational change induced by the Cd 2+ binding in loop 1 is uncharacteristic of NTnC. The Ca 2+ binding in classical EF-motifs normally decreases the interhelical angle from ∼ 135°to 90°. The Cd 2 + -induced conformational change in EF 1 is the opposite, as the resulting interhelical angle increases to ∼ 180°( ∼ antiparallel helices). The rotation of helix A is approximately centered at Leu29. As a result, helix N and helix A have completely lost contact with helix D. The unusual antiparallel helical conformation adopted by the EF 1 appears similar to that of the non-Ca 2+ binding EF-hand motif in the Nterminal EF-hand pair of recoverin. 26 However, the helices are antiparallel only in the Ca 2 + -free state of the protein. The Ca 2+ binding by the other functional EF-hand motifs results in a conformational change that rotates the entering helix outward with marked changes in the interhelical angle. 27 Thus, the conformational change observed in our structure is the opposite to that of recoverin and unique among available NTnC structures.
The binding of DXC in the "open" core DXC, a by-product of intestinal bacteria, is a steroid acid commonly found in the bile of mammals (Fig. 4a) . 28 DXC is used as a mild detergent for the isolation of membrane-associated proteins 29 and was used for the optimization of the cNTnC crystallization condition. The inclusion of DXC resulted in crystals with a different morphology and space group when compared to those grown without DXC. The electron density is consistent with two DXC molecules being associated with chain A (Fig. 4b) . One DXC molecule (DXC1) is present in the central hydrophobic cavity that is formed by a cluster of several hydrophobic residues. These include the aromatic ring of Phe27 from helix A, the side chains of Leu41, Val44, SeMet45, and Leu48 from helix B, and the side chains of Phe77 and SeMet81 from helix D. The calculated total surface area of the pocket is approximately 503 Å 2 . Electron density for DXC is present in all chains, but the density is clearest in chain A. The hydrophobic fused rings of DXC are bound within the hydrophobic cavity, while its carboxylate group is exposed to solvent. The other DXC molecule (DXC2) is bound to a hydrophobic patch on helix N and helix A. The details of its interaction differ in each chain. In chain A, the binding of the DXC2 molecule is stabilized by a ring stacking interaction with the 30 and levosimendan. 31 They each have at least two hydrophobic fused rings and a hydrophilic head group. As listed below, structures in complex with these drugs show that the hydrophobic ring system binds to the hydrophobic pocket within TnC and the hydrophilic head group is often exposed to the solvent. The hydrophobicity and flexibility of the DXC appear to be an important feature for its interaction with cNTnC (Fig. 4c ).
Structural comparison with other cNTnC structures
Several of the drugs known as the Ca 2+ sensitizers are used to treat heart failure, which is a condition characterized by the inability of the heart to supply sufficient blood flow to vital organs. 32, 33 The mechanisms utilized by these Ca 2+ sensitizers vary widely, but in general, they tend to increase the Ca 2+ affinity of the troponin complex to improve cardiac muscle contractility without directly increasing the cytosolic Ca 2+ concentration, which could potentially result in arrhythmia and diastolic dysfunction. 33 Since the regulatory domain of cTnC serves an important role as a Ca 2+ sensor, the structure of cNTnC in complex with a Ca 2+ sensitizer molecule and the switch peptide of cTnI (cTnI 147-163 ) has been investigated extensively in recent years.
14,34-36 A number of the NMR and the crystal structures show that these Ca 2+ sensitizers may function by binding to the hydrophobic cavity of cNTnC, stabilizing its open conformation, and thus facilitating the binding of cTnI to cNTnC. 36, 37 The overall conformation of cNTnC is very similar in all of these structures. They include the NMR structure of cNTnC in complex with a bepridil molecule and the cTnI 147-163 switch peptide (PDB ID: 1LX), 34 the NMR structure of cNTnC in complex with a W7 molecule (PDB ID: 2KFX) 35 and with both a W7 molecule and the cTnI 147-163 switch peptide (PDB ID: 2KRD), 38 the NMR structure of cNTnC in complex with the cTnI 147-163 switch peptide and the analog of levosimendan, 2′,4′-difluorobiphenyl-4-yloxy acetic acid (PDB ID: 2L1R), 36 and the crystal structure of cNTnC in complex with trifluoperazine (PDB ID: 1WRK) (Takeda, S., Igarashi, T., Oishi, Y., and Mori, H., unpublished data). Using the best representative chain from each NMR ensemble and the single chain from 1WRK model, the superimposition of all the aforementioned structures yields a C α r.m.s.d. of 2.3 Å, indicating their similar overall conformation. The EF 1 of the mammalian cNTnC was shown to be incapable of Ca 2+ binding over the range of physiological cytosolic Ca 2+ concentrations (100-2000 nM). This explains the different thermodynamic and kinetic responses to Ca 2+ between cTnC and sTnC.
11 Therefore, finding a Cd 2+ coordinated by residues from the defunct EF 1 in canonical ion coordination geometry is unexpected. In some respects, the Cd 2+ binding in EF 1 resembles the metal ion coordination by versatile noncanonical EF-hands. As previously stated, the composition and length of their ion binding loops can vary significantly from the classical sequence, yet the pentagonal bipyramid ion ligand coordination geometry can be maintained. 15, 16 This is made possible in part by the conserved "scaffold" in the C-terminal part of the binding loops. The structure presented here indicates that such a scaffold is also conserved in EF 1 of cNTnC.
Without the dramatic conformational rearrangement by helix A, the EF 1 ion coordination is unlikely to be reproduced. A simple extension of helix A at the C-terminus while helices N and A maintain contacts with helix D in the usual cNTnC conformation will result in the Gly30 O ligand pointing perpendicularly away from the bound ion. It is the perpendicular "swing" of helix A around the Leu29 hinge that brings the X ligand into coordinating position. Therefore, the structure presented here does not necessarily imply that Ca 2+ binding can occur at loop 1 in mammalian cNTnC. However, the conserved and structurally intact C-terminal part of the EF-hand motif alone is shown to provide six out of seven required ligands at Y, Z, − Y, −X, and − Z positions for canonical ion coordination (Fig. 3c) . Such a coordinating scaffold probably played a role in stabilizing the considerable conformational change by cNTnC required for Cd 2+ coordination in canonical geometry.
It is an interesting conundrum that the N-terminal region of loop 1 within the cNTnC domain in ectothermic species of vertebrates, particularly those adapted to survive at colder temperatures, has significantly different sequences. In trout cNTnC, residues Ile28, Gln29, and Asp30 replace Val28, Leu29, and Gly30 residues in human cNTnC (Fig.  1b) . Moreover, they were found to be responsible for the comparatively higher Ca 2+ affinity of trout cTnC compared to human cTnC. 10 This in turn translates to higher Ca 2+ sensitivity of trout cardiac myocytes, which allows for normal trout cardiac function at its significantly lower physiological temperatures. These observations indicate unique but not wellunderstood properties conferred by these residues toward loop 1 of cNTnC, which perhaps may involve differential interaction with Ca 2+ . Previous NMR titration experiments suggested that Ca 2+ binding can occur at EF 1 of trout cTnC in solution, 39 albeit with a relatively low affinity. The structure presented here demonstrates that the intact C-terminus of loop 1 is capable of providing most of the required ion coordination; thus, such binding may be possible with a favorable conformational change at the N-terminal part of the loop involving residues Ile28, Gln29, and Asp30. It is probably more than coincidence that the corresponding three residues (Val28, Leu29, and Gly30) in this human cNTnC structure are involved in the most significant disorder-to-order transition. Instead of the backbone carbonyl oxygen, perhaps the Asp30 side-chain carboxylate oxygen could provide the necessary coordination corresponding to the ligand at the X position. Aspartic acid is the most favored residue for the X position in the ion binding loop of the EF-hand motif in general. 16 If not a direct interaction, Asp30 may still be able to stabilize the Ca 2+ binding via a water molecule or by forming a network of loop-stabilizing hydrogen bonding interactions. In summary, the crystal structure presented here provides a snapshot of an unusual conformation of cNTnC that formed in the presence of Cd 2+ and DXC. The canonical coordination of Cd 2+ demonstrates the preservation of functional elements in the C-terminal part of the vestigial loop that act as an important ion coordinating scaffold in various EF-hand motifs.
Materials and Methods

Cloning and mutagenesis
The full-length wild-type human cTnC was cloned into the pET21a expression plasmid (Novagen), which was used to produce the cNTnC construct that contains residues 1-89. Lys90 was converted to a termination codon by site-directed mutagenesis using the QuikChange kit (Stratagene) with the 39-base forward primer 5′-TGTATGAAAGATGACAGCTAAGGAAAATCTGAA-GAGGAG-3′ and the reversed primer 5′-CTCCTCTTCA-GATTTTCCTTAGCTGTCATCTTTCATACA-3′. DNA sequencing (Macrogen) confirmed the cTnC sequence reported in the Swiss-Prot database (accession number P63316). The plasmid pET21a-cNTnC was transformed into BL21(DE3) Escherichia coli cells. The expressed protein (cNTnC) is 89 residues in length and has a calculated molecular mass of 10,062 Da and a theoretical isoelectric point of 4.0.
Protein over-expression and purification
Se-Met-incorporated protein was prepared by growing an overnight culture of BL21(DE3) transformed with the plasmid pET21a-cNTnC in M9 minimal medium supplemented with 100 μg/mL ampicillin. Five hundred microliters of the overnight culture was used to inoculate 100 mL of M9 minimal medium (100 μg/mL ampicillin), and 20 mL of that overnight M9 culture was used to inoculate 1 L of M9 minimal media (100 μg/mL ampicillin) that was grown for 5-6 h at 37°C until the A 600 reached 0.6. Each liter of culture was then supplemented with the following combination of amino acids: 100 mg each of lysine, phenylalanine, and threonine; 50 mg each of isoleucine, leucine, and valine; and 60 mg of L-selenomethionine. After 15 min, each liter of cell culture was induced with IPTG at a final concentration of 1 mM and grown for an additional 6 h at 37°C. Cell pellets were then collected by centrifugation and resuspended with resuspension buffer [50 mM TrisHCl (pH 7.5), 25% sucrose, 0.5 mM PMSF, and 2 mM MgCl 2 ] and ethylenediaminetetraacetic-acid-free 1 × protease inhibitor cocktail (Roche). Cells were completely lysed by sonicating three times with a 5-s interval at 30% amplitude using a Model 500 Dismembrator (Fisher Scientific) and using an Avestin Emulsiflex-3C cell homogenizer. The supernatant was separated from the lysate by centrifugation at 2900g for 30 min. Final concentrations of 1 mM MgCl 2 , 5 mM CaCl 2 , 50 mM NaCl, and 1 mM DTT were added to the supernatant immediately after the centrifugation, and the supernatant was then applied to a phenyl Sepharose 6 fast flow column (5-mL column volume; GE Health Care) equilibrated with a buffer consisting of 50 mM Tris-HCl (pH 7.5), 1 mM MgCl 2 , 5 mM CaCl 2 , 50 mM NaCl, and 1 mM DTT. The purification of cNTnC using the phenyl Sepharose hydrophobic matrix was carried out as described by Li et al. 40 The elution fractions containing cNTnC were concentrated using an Amicon ultracentrifuge filter device (Millipore) with a 3-kDa molecular mass cutoff. The protein was further purified by a Sepharacryl S-100 HiPrep 26/60 size-exclusion chromatography column on an AKTA Prime system (Pharmacia Biotech) that was run at 1 mL/min and equilibrated with 50 mM TrisHCl (pH 7.5), 0.2 mM CaCl 2 , and 1 mM DTT. The fractions containing pure cNTnC were analyzed by 15% SDS-PAGE, combined, and concentrated to 10 mg/mL using an Amicon ultracentrifuge filter device (Millipore) with a 3-kDa cutoff and quantified by a NanoDrop Spectrophotometer ND-1000.
Mass spectrometry analysis
To confirm the full incorporation of selenium atoms into the cNTnC protein, we performed matrix-assisted laser desorption/ionization mass spectrometry on a MALDI-LR time-of-flight spectrometer (Waters Corp., Manchester, UK) in positive ion mode, using a matrix of sinapic acid saturated in 50% acetonitrile. The instrument was operated in linear mode with a pulse voltage of 1400 V, a source voltage of 15,000 V, a multichannel plate detector potential difference of 1850 V, and a TLF delay of 500 ns. Samples were desorbed with a nitrogen laser (l = 337 nm), and the ion signals detected from 50 laser shots with sample times of 5 ns were summed for each mass spectrum archived. Mass spectra were recorded over an m/z range of 2000-20,000. The proteins: myoglobin, cytochrome C, and adrenocorticotropic hormone fragment 18-39 (Sigma Chemical Co., St. Louis, MO, USA) were used as calibration standards.
Crystallization
The crystals used for SAD data collection were grown by the sitting-drop vapor diffusion method. The crystallization drops were prepared by mixing 1 μL of purified protein (10 mg/mL) with 1 μL of reservoir solution and 1 μL of 50 mM DXC and then equilibrating against 1 mL of reservoir solution. The optimized crystallization reservoir condition contained 50 mM CdSO 4 , 900 mM sodium acetate, and 100 mM TrisHCl (pH 8.0). The long plate-shaped crystals were grown at room temperature (293 K), and optimized crystals appeared after 3 days. Prior to data collection, crystals were transferred to a cryoprotectant solution, which consisted of the same components as the reservoir solution but with 30% of the water replaced with glycerol. Crystals were incubated in the cryoprotectant solution for approximately 10 min before they were flash cooled in liquid nitrogen.
Data collection
Diffraction data from the Se-Met-incorporated wildtype cNTnC crystals were performed at Beamline 081D-1 of the Canadian Light Source, Canadian Macromolecular Crystallography Facility, University of Saskatchewan at Saskatoon using the Mar 225 CCD X-ray detector. Se-Met data set 1 (used for heavy-atom search) was collected with a crystal-to-detector distance of 180 mm and a 1°o scillation. A total of 180 images were collected. Reflections were detectable up to 2.1 Å resolution. Se-Met data set 2 (used for structural refinement) was collected with a crystal-to-detector distance of 180 mm and 1°of oscillations. A total of 150 images were collected. The reflections were detectable to 2.2 Å.
Phasing, structure determination, and refinement Se-Met data set 1 collected at a wavelength λ = 0.98086 was used for phase calculation by the SAD method. Diffraction images were processed with HKL3000. [41] [42] [43] The merging of data sets and corrections for radiationinduced effects were performed using a novel hierarchical procedure. 18, 44 Heavy-atom position search was performed at 2.8 Å with SHELXD. 45 The map generated by SHELXE had clearly interpretable electron density and was subsequently used for the initial model building with ARP/wARP. 44 , 46 The refinement of heavy-atom positions and the further phasing were performed with MLPHARE, 47 which resulted in 28 refined heavy-atom positions. This phase information was used in the model building and refinement as an additional restraint. Intensities from Se-Met data set 2 collected at wavelength λ = 0.98066 were used for structure refinement with the program REFMAC5. 48 Subsequent manual model building by visual inspection of the electron density map was carried out using Coot. 49 The final models were obtained by running restrained refinement with TLS (TranslationLibration-Screw Rotation) restraints obtained from the TLS motion determination server. 50 The complete data collection and refinement statistics are in Table 1 .
Structural analysis
The secondary structural analysis was performed with the programs DSSP 51 and PROMOTIF. 49 The programs Coot 52 and SUPERPOSE 53 were used to overlap coordinates for structural comparison. The stereochemistry of the structure was analyzed with the program PROCHECK. 54 B-factor analysis was performed by the program BAVER-AGE within the CCP4 suite of programs. 55 
Figure preparation
Figures were prepared using PyMOL. 56 The alignment figure was prepared using the program ClustalW. 57 The chemical structure of deoxycholate was drawn by GCChemPaint. 58 
Accession numbers
Coordinates and structure factors have been deposited in the Research Collaboratory for Structural Bioinformatics PDB with accession number 3RV5.
